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Summary. 


-The  objective  of  the  human  volunteer  impact  experiments  at  the  Naval 
Biodynamics  Laboratory  (NBDL)  is  to  provide  a  quality  data  base  for  modeling 
human  dynamic  and  phsyiological  responses  to  impact,  and  for  establishing  the 
relationship  between  dynamic  response  parameters  and  injury.  To  achieve  this 
objective,  the  human  volunteer  impact  experiments  must  be  conducted  at  levels 
of  impact  that  may  produce  discomfort  but  are  safe  inasmuch  as  the  experiments 
have  an  acceptably  low  probability  of  producing  any  permanent  or  irreversible 
injury.  These  safe  levels  of  impact  are  derived  from  one  or  more  of  the 
following  sources:  1)  exposures  employed  in  previous  NBDL  research  with  human 
subjects;  2)  human  exposure  data  from  other  research  sources;  3)  exposures 
using  human  surrogates/human  cadavers;  and,  4)  mathematical  modeling  techni- 


Based  on  a  review  of  these  sources,  tfce  following  limits  ai%  suggested  to 
the  Committee  ffir  the  Protection  of  Human  Subjects  as  safe  guidelines^  These 
are  recommended  limits  for  torso-restrained  NBDL  volunteers,  where  the  freely 
moving  head  and  neck  are  the  anatomical  segments  most  at  risk.  . 


\ 


SLED  ACCELERATION  SLED  END  STROKE  N 


DIRECTION 

PEAK  (Gs) 

DURATION  (MS) 

VELOCITY  (M/S) 

-X 
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100 
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100 
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80 
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11.3 

28 

3.5 

+Z 

12.5 
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80 

-Z 
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20 

-X+Y 

10 

100 

9.0 

-X+Y 

13 

27 

3.8 

Except  for 

the  -Z  and 

+X  directions, 

these  recommended  limits  are  no 

greater  than  the  maximum  exposures  already  experienced  by  NBDL  subjects.  No 
injuries  have  been  sustained  at  these  levels.  Greater  exposures  have  been 
reported  (e.g.,  for  the  -X  direction)  without  injury.  These  are  not  absolute 
limits,  but  recommended  guidelines  which  should  be  exceeded  only  with  substan¬ 
tial  justi ficaticn  from  injury  modeling,  and  then  only  in  1  G  increments  sub¬ 
ject  to  moniLu.  ;..g  of  critcial  dynamic  parameters  including  torques,  forces, 
linear  and  angular  acceleration  and  velocity.  It  should  also  be  noted  that 
although  an  experimental  protocol  recommends  a  given  maximum  exposure  level, 
the  monitoring  of  critical  dynamic  and  physiological  parameters  or  severity 
indicators  may  dictate  that  the  experiment  be  halted  at  some  lower  level  than 
originally  planned. 
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Summary . 

The  objective  of  the  human  volunteer  impact  experiments  at  the  Naval 
Biodynamics  Laboratory  (NBDL)  is  to  provide  a  quality  data  base  for  modeling 
human  dynamic  and  phsyi ol ogi cal  responses  to  impact,  and  for  establishing  the 
relationship  between  dynamic  response  parameters  and  injury.  To  achieve  this 
objective,  the  human  volunteer  impact  experiments  must  be  conducted  at  levels 
of  impact  that  may  produce  discomfort  but  are  safe  inasmuch  as  the  experiments 
have  an  acceptably  low  probability  of  producing  any  permanent  or  irreversible 
injury.  These  safe  levels  of  impact  are  derived  from  one  or  more  of  the 
following  sources:  1)  exposures  employed  in  previous  NBDL  research  with  human 
subjects;  2)  human  exposure  data  from  other  research  sources;  3)  exposures 
using  human  surrogates/human  cadavers;  and,  4)  mathematical  modeling  techni¬ 
ques. 

Based  on  a  review  of  these  sources,  the  following  limits  are  suggested  to 
the  Committee  for  the  Protection  of  Human  Subjects  as  safe  guidelines.  These 
are  recommended  limits  for  torso-restrained  NBDL  volunteers,  where  the  freely 
moving  head  and  neck  are  the  anatomical  segments  most  at  risk. 
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Except  for  the  -Z  and  +X  directions,  these  recommended  limits  are  no 
greater  than  the  maximum  exposures  already  experienced  by  NBDL  subjects.  No 
injuries  have  been  sustained  at  these  levels.  Greater  exposures  have  been 
reported  (e.g.  ,  for  the  -X  direction)  without  injury.  These  are  not  absolute 
limits,  but  recommended  guidelines  which  should  be  exceeded  only  with  substan¬ 
tial  justi  fication  from  injury  modeling,  and  then  only  in  1  G  increments  sub¬ 
ject  to  monitoring  of  critcial  dynamic  parameters  including  torques,  forces, 
linear  and  angular  acceleration  and  velocity.  It  should  also  be  noted  that 
although  an  experimental  protocol  recommends  a  given  maximum  exposure  level, 
the  monitoring  of  critical  dynamic  and  physiological  parameters  or  severity 
indicators  may  dictate  that  the  experiment  be  halted  at  some  lower  level  than 
origi nal ly  pi anned. 
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1 .  Introduction. 

The  objective  of  the  Naval  Biodynamics  Laboratory  ( NBDL)  human  volunteer 
impact  experiments  is  to  provide  a  quality  data  base  to  be  used  for  modeling 
human  dynamic  and  physiological  responses  to  impact  and  to  establish  the 
relationship  between  dynamic  response  parameters  and  injury.  This  information 
will  be  used  by  military  and  commercial  designers  of  emergency  and  protective 
equipment  to  develop  and  evaluate  improved  life-protecting  systems  for 
short-term  (impact)  acceleration  exposures.  This  improved  protection  should 
significantly  decrease  the  morbidity  and  the  mortality  associated  with  these 
exposures. 

The  human  volunteer  impact  acceleration  experiments  must  be  conducted  at 
levels  of  impact  that  may  produce  discomfort  but  have  an  acceptablely  low 
probability  of  producing  any  permanent  or  nonreversible  injury.  Injurious 
levels  of  human  impact  and  their  correlation  with  dynamic  response  parameters 
must  be  inferred  from  experiments  with  human  surrogates  or  from  accident 
epidemiology  data.  The  candidate  human  surrogates  or  analogs  are  human 
cadavers,  animals  with  morphology  similar  to  humans,  and  mathematical  models. 
Each  of  these  surrogates  may  provide  valuable  and  complementary  information 
concerning  injury  mechanisms  and  their  correlation  with  human  dynamic  response 
data. 


At  NBDL,  we  are  conducting  animal  and  human  experiments  as  part  of  an 
overall  experimental  design  shown  in  Figure  1.  This  figure  also  shows 
surrogate  data,  obtained  from  non-NBDL  sources,  together  with  mathematical 
modeling  efforts  and  accident  epidemiology,  as  additional  inputs  to  the  effort 
aimed  at  identifying  injurious  dynamic  response  parameters. 

2  .  PI  an ning  Human  Acceleration  Exp er  indents  at  NBDL L 

A.  Selecting  Peak  Sled  Acceleration. 

Any  human  experimental  impact  protocol  starts  with  the  least  severe  level 
of  impact  exposure.  The  impact  level  is  then  usually  increased  during 
subsequent  runs,  with  the  exception  of  reliability  runs  and  runs  that  need  to 
be  redone  because  of  faulty  data.  These  reliability  and  make-up  runs  may  be 
conducted  out  of  order  ( i . e . ,  a  higher  impact  level  may  precede  exposure  at  a 
lower  level).  Prior  to  impact  exposure,  voluntary  motion  experiments  are 
conducted  in  which  each  subject  is  requested  to  pitch,  roll  and  yaw  his**  head 
as  fast  as  possible.  During  these  voluntary  movements,  the  same  measurements 
are  made  as  in  impact  experiments,  and  the  derived  kinematic  variables  allow 
assesanent  of  the  response  that  can  be  produced  by  the  subject’s  muscles. 


*  A  run  consists  of  a  single  data  acquisition  event  (usually  involving 
exposure  to  impact)  and  is  assigned  a  run  number.  An  experiment  usually 
involves  many  runs.  Reliability  runs  are  runs  that  are  repeated  with  the  same 
subject  and  impact  level  to  test  for  within  subject  measuranent  reproduci¬ 
bility. 

**The  masculine  term  is  used  because  only  male  subjects  participate  in  impact 
experiments  at  NBDL. 
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This  maximum  voluntary  motion  defines  the  non-stressful  response  envelope  for 
each  subject.  For  new  experimental  protocols,  the  impact  levels  (i.e,  peak 
sled  acceleration)  are  incremented  by  only  1  G,  beginning  with  the  lowest 
G-level  and  ending  with  the  most  severe  impact.  For  protocols  that  replicate 
previous  experiments  in  which  the  biodynamic  responses  were  found  to  be 
nonstressful,  an  increment  of  2  Gs  between  impact  levels  may  be  employed.  For 
runs  which  exceed  this  known  nonstressful  threshold  level,  impact  levels  are 
again  incremented  by  1  G.  The  G-level  at  which  most  experimental  protocols 
start  is  3  Gs,  which  is  within  the  voluntary  motion  range  and  therefore  is 
known  not  to  be  stressful.  There  are  a  few  exceptional  cases  in  which  the 
lowest  level  has  been  2  Gs.  This  level  was  used  to  evaluate  the  restraint 
system  and/or  the  instrumentation.  The  maximum  impact  level  is  Ported  as 
the  minimal  level  required  to  obtain  the  necessary  data  (see  section  2.B. 
bel ow) . 

B.  Evaluation  of  Experimental  Severity  and  Risk. 

The  single  most  important  consideration  in  these  experiments  is  to  conduct 
the  required  human  impact  runs  in  a  manner  which  minimizes  the  risk  of  any 
permanent  or  nonreversibl e  injury  to  the  subject,  while  at  the  same  time 
providing  valid  information  requi red  to  meet  program  objectives.  In  order  to 
obtain  valid  and  meaningful  data,  some  acceptable  risk  of  injury  to  the  human 
subjects  must  be  defined.  The  intention  at  NBDL  is  not  to  expose  human 
volunteers  to  impact  levels  that  have  high  risk  of  producing  injuries  or  that 
compromise  the  future  health  and  well-being  of  the  subjects.  This  policy 
contrasts  with  operational  conditions,  where  tolerance  levels  for  crash 
survival  may  permit  injury  levels  which  are  not  acceptable  for  human 
experiments  conducted  in  a  laboratory.  Examples  of  unacceptable  injuries  are 
any  fractures  of  bones,  dislocation  of  vertebral  bodies,  subluxation  of 
vertebral  bodies,  herniation  of  discs  or  fracture  of  disc  endplates,  avulsion 
of  ligaments,  disruption  of  blood  vessels,  internal  vi scera  or  supporting 
ligaments  that  result  in  any  chronic  impairment  of  health,  and  any  functional 
injury.  However,  experiments  may  produce  minor  injuries  such  as  muscle 
soreness,  nonchronic  tissue  strains,  external  fascia  abrasions  and  contusions 
due  to  restraint  interfaces  with  the  subject,  short-duration  mild  headaches, 
brief  periods  of  brachycardia  (i.e.,  a  few  complexes)  or  tachycardia  occurring 
immediately  after  the  impact  exposure  but  which  progressively  return  to  normal 
rates,  other  anomalies  or  arrythmias  in  the  EKG  complex  not  considered 
medically  significant  and  which  return  to  normal  in  a  brief  period,  and  brief 
"stunning"  or  mild  concussion  similar  to  that  observed  in  sports  activities 
and  which  are  free  of  residual  medical  effects. 

The  remainder  of  this  section  presents  tolerance  levels  and  severity 
indices  that  have  been  correlated  with  injury  and  explains  how  the  scientific 
and  medical  staff  at  NBDL  use  these  data  to  determine  the  maximum  acceptable 
impact  severity  for  an  experimental  protocol. 

The  severity  of  an  abrupt  acceleration  exposure  is  a  complicated  function 
of  the  duration  and  magnitude  of  the  acceleration  profile,  the  direction  of 
the  acceleration  vector  relative  to  the  anatomical  axes,  and  the  restraint  of 
the  human  subject.  For  simple,  unimodal  acceleration  profiles,  severity  is  a 
function  of  one  or  more  of  the  following  variables: 
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(1)  Direction  of  acceleration  relative  to  the  anatomy; 

(2)  Peak  acceleration  level  of  profile; 

(3)  Rate  of  onset  of  the  acceleration  profile  (how  rapidly  it  rises  to 
peak  acceleration); 

(4)  Duration  or  dwell  (the  length  of  time  the  acceleration  ranains  above  a 
high  percentage  of  the  peak  profile  acceleration); 

(5)  Rate  of  offset  (how  rapidly  the  acceleration  profile  drops  off  after 
the  peak  acceleration  level); 

(6)  The  posture  and  manner  in  which  the  subject  is  restrained;  and, 

(7)  The  static  and  dynamic  tension  of  the  restraint  prior  to  impact. 

The  use  of  these  variables  t  define  tolerance  levels  requires  that  the  human 
subject  be  restrained  in  a  onsi stent  and  repeatable  fashion. 

An  alternate  definition  of  tolerance  levels  evaluates  the  response  of  a 
mathematical  model  to  the  input  acceleration  and  expresses  the  severity  and 
tolerance  levels  in  terms  of  response  variables  of  the  model  (i.e..  Dynamic 
Response  Indicator,  DRI).  Other  tolerance  levels  may  be  expressed  in  terms  of 
measured  response  parameters  on  an  analog  model  (i.e.,  manikin),  or  more 
directly  expressed  in  terms  of  severity  indicators  derived  from  measured 
response  variables  on  the  human. 

Regardless  of  the  definition  of  severity  or  level  of  acceleration, 
acceptable  levels  of  exposure  are  obtained  from  one  or  more  of  the  following 
sources. 

(1)  Exposures  employed  in  previous  research  with  human  subjects. 

If  it  can  be  demonstrated  that  the  severity  of  the  planned  protocol  is 
less  or  no  more  severe  than  the  results  from  an  existing  NBDL  experimental 
database,  then  the  medical  and  i njury-rel ated  experience  from  this  database  is 
considered  sufficient  to  justify  the  risk  involved  in  the  recommended  exposure 
level.  The  most  severe  exposures  conducted  at  NBDL  for  each  acceleration 
vector  ar^  oriented  in  Table  1. 

If  human  experimental  data  from  other  laboratories  are  available,  and 
the  exposures,  restraints,  number  of  subjects,  and  related  injury  experiences 
are  sufficiently  documented,  then  these  data  can  be  used  to  justify  the 
maximum  exposures  recommended  in  the  NBDL  protocol,  provided  that  the 
recommended  NBDL  exposures  are  less  severe  than  those  documented  exposures  at 
which  unacceptable  injuries  occurred. 
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(2)  Human  exposure  data  from  non-experimental  sources. 

If  injury  statistics  are  available  from  accident  epidemiology  or 
operational  events  (e.g.,  aircraft  ejections)  for  which  exposure  and  injury 
data  are  suitably  defined,  then  these  data  can  serve  as  sources  for  defining 
acceptable  levels  of  human  exposure  in  an  NBDL  experimental  protocol. 

(3)  Work  conducted  on  human  surrogates/human  cadavers. 

If  available  animal/cadaver  injury  data  can  be  scaled  to  human 
tolerance  levels  for  injury  in  a  rational  manner  and  verified  by  comparison 
with  human  accident  data,  then  these  data  may  also  serve  as  sources  of  useful 
information  in  defining  acceptable  levels  of  exposure  for  NBDL  human  impact 
experiments. 

(4)  Mathematical  modeling  techniques. 

Available  statistical  regression  models  can  be  used  to  extrapolate 
exposure  limits  from  existing  experimental  data  and  these  extrapolated  limits 
can  be  compared  with  other  sources  of  information  (e.g.,  accident  epidemiol¬ 
ogy).  Validated  mathematical  models  also  can  be  used  to  predict  dynamic 
response  parameters  for  experimental  conditions  not  yet  initiated  ( i .  e . , 
combinations  of  vectors,  restraint  perturbation^,  and  acceleration  profile 
perturbati ons) . 

If,  in  addition  to  the  four  sources  described  above,  published  human 
tolerance  levels  for  non-i njuriou s  exposures  to  acceleration  are  to  be  used, 
it  is  important  to  know  how  these  recommended  levels  were  generated,  as  well 
as  their  limitations.  The  biodynamic  effects  of  deviations  in  the  planned 
experiment  from  the  conditions  under  which  these  tolerance  levels  were 
determined  originally,  must  be  accounted  for  in  the  selection  of  the  maximum 
exposure  1 evel . 

It  is  noteworthy  that  although  an  experimental  protocol  may  recommend  a 
given  maximum  exposure  level,  the  on-site  experimental  monitoring  of  critical 
dynamic  and  physiological  variables  or  severity  indicators  (e.g.,  EKG,  evoked 
potentials)  may  dictate  that  the  experiment  be  halted  at  some  lower  level  than 
that  originally  planned. 

Guidelines  for  determining  safe  maximum  levels  of  impact  exposure,  based 
on  the  above  sources,  are  presented  in  Section  3. 

3.  Guidelines  to  the  Committee  for  the  Protection  of  Human  Subjects  (CPHS). 

Thp  reference  section  (oaaes  26-28)  includes  references  to  impact  data 
obtained  at  NBDL  and  elsewhere,  compi 1 ati ons  of  recommended  tolerance  levels, 
and  cadaver  data  that  can  be  used  by  the  CPHS  to  verify  and  judge  independent¬ 
ly  the  maximum  exposures  recommended  in  an  experimental  protocol.  These 
references,  together  with  the  Committee's  collective  knowledge  of  the  experi¬ 
mental  area  and  sound  judgement,  are  the  basis  for  evaluating  risk  of  injury. 
The  following  discussion  reviews  the  information  form  source  listed  in  the 
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reference  section.  These  sources  are  referenced  in  the  text  by  parenthetical 
numbers  correspondi ng  to  the  number  provided  in  the  reference  section.  This 
review  is  limited  to  the  body  segments  at  highest  risk  in  current  NBDL  impact 
experiments  (i.e.,  the  head,  cervical  spine,  spine  other  than  cervical, 
thorax,  pelvis,  and  internal  viscera). 

A.  Data  from  previous  human  research. 

As  stated  previously,  experimental  data  collected  from  past  experiments  at 
NBDL,  together  with  observed  medical  effects,  provide  a  basis  for  recommending 
other  experiments  which  do  not  exceed  these  previous  impact  levels.  Tables 
1-4  and  Figures  2-5  present  summaries  of  the  results  from  the  most  severe  runs 
conducted  at  NBDL.  Table  1  lists  the  parameters  describing  the  sled  acceler¬ 
ation  profiles  for  these  runs.  The  number  of  subjects,  initial  conditions, 
and  restraints  are  also  defined  in  this  table.  Table  2  presents  parameters 
related  to  injury  tolerance  levels  derived  from  measurements  made  on  human 
bcdv  seoments  durina  these  runs.  Tomues  and  forces  at  the  occipital  condyles 
in  the  head  anatomical  coordinate  system  and  head  injury  criteria  (HIC)  are 
shown  for  cases  involving  the  most  severe  G  levels  used  at  NBDL. 

Plots  of  the  torque  and  force  components  and  resultant  magnitudes, 
together  with  the  HIC,  are  presented  for  a  -X  exposure  in  Figures  2-5.  These 
same  plots  are  available  or  can  be  readily  obtained  for  any  acceleration 
exposure  in  the  NBDL  data  base.  Reference  (9)  recommends  tolerance  levels 
defined  in  terms  of  these  injury-related  parameters,  as  well  as  the  equivalent 
torque  (moment)  at  the  occipital  condyles,  and  the  forces  at  the  condyles,  for 
use  in  assessing  the  risk  of  neck  injury  (i.e.,  injury  to  the  cervical  spine). 
This  reference  also  discusses  the  rationale  for  selecting  the  Gadd  Severity 
Index  (GSI)  or  the  HIC  as  indicators  of  risk  of  concussion  during  direct 
impact. 

Table  3  was  constructed  using  NBDL  data  (6),  and  shows  the  peak  angular 
acceleration,  angular  velocity,  and  linear  acceleration  for  representative 
NBDL  maximum  severity  exposures  in  the  -X  and  +Y  directions.  These  data  are 
used  to  define  tolerance  levels  for  concussion  based  on  angular  acceleration 
and  angular  velocity  (i.e.,  shear  failures).  In  addition,  the  linear 
relationship  between  intercranial  pressure  and  peak  acceleration  (7)  suggests 
that  acceleration  and  duration  may  be  better  indicators  of  injury  than  the  GSI 
or  HIC  since  *’r°se  latter  indicators  are  computed  using  acceleration  raised  to 
a  powe  r . 

The  peak  seat  pan  loading  and  the  belt  loads  for  the  +Z  runs  at  NBDL  are 
shown  in  Table  4  for  the  most  severe  exposures  in  this  direction.  These  data 
can  be  used  to  evaluate  potential  injury  to  the  pelvis,  spine  and  thorax  for 
runs  in  this  direction. 

The  medical  findings  in  the  NBDL  impact  exposure  data  can  be  summarized  as 
fol lows. 
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(1)  Several  instances  of  fainting,  resulting  from  restraint  and 
psychological  stress,  have  occurred  before  and  after  impact.  These  fainting 
episodes  were  not  correlated  with  the  level  of  impact  exposure  (i.e.,  the 
episodes  varied  randomly  across  impact  levels).  One  case  of  restraint-induced 
cardiac  asystole  for  a  duration  of  8  to  9  seconds  occured  just  prior  to  impact 
(i.e.,  the  asystole  occured  prior  to  activation  of  the  impact  system).  In  all 
these  cases,  the  run  was  immediately  aborted,  the  subject  removed  from  the 
sled,  and  immediate  medical  attention  was  provided.  Recovery  was  uneventful 
in  all  instances. 

(2)  Headache  is  the  most  common  finding  immediately  after  impact,  and  is 
related  to  exposure  severity  in  both  the  -X  and  +Y  directions.  The  headaches 
can  be  severe  for  up  to  one  minute,  and  gradually  diminish  with  no  sequalae. 

(3)  It  was  common  to  have  muscular  myalgia  on  the  side  of  the  neck 
opposite  head  motion  for  exposure  in  the  +Y  direction.  This  condition  is 
related  to  the  maximum  head  angle  relative  to  the  neck  angle,  and  can  be 
controlled  by  limiting  the  endstroke  velocity  of  the  sled  as  the  G-level  is 
increased.  These  neck  problems  have  not  been  observed  in  the  -X  direction. 
There  was  a  case  in  the  -X+Y  direction  in  which  a  subject  had  a  sore  neck  that 
persisted  for  two  weeks.  The  subject  recovered  but  was  disqualified  from  the 
program.  Subsequent  medical  examinations  as  part  of  the  long-term  follow-up 
program*  revealed  no  sequalae  in  this  subject. 

(4)  Several  cardiac  bindings  are  summarized  in  reference  (34)  for  the  -X 
and  +Y  directions.  For  the  most  part,  these  findings  were  medically 
insignificant.  One  serious  cardiac  finding  occurred  in  one  subject  rur>  in  the 
+Z  direction,  and  was  characterized  by  two  premature  ventricular  contraction 
(PVC)  complexes  in  succession,  followed  by  a  normal  complex,  and  then  followed 
by  another  PVC  prior  to  returning  to  normal.  This  condition  can  be  a 
forerunner  of  ventricular  tachycardia  and  was  considered  potentially 
dangerous.  This  subject  was  disqualified  from  the  program  with  no  sequalae. 

It  is  interesting  to  note  that  other  researchers  have  produced  this  same  type 
of  anomaly  during  centrifuge  exposures  (28). 

(5)  One  subject  had  pain  radiating  to  his  left  arm  after  a  +Y  exposure. 
This  condition  was  diagnosed  as  a  stretched  brachial  plexus  and  the  subject 
recovered  with  no  sequalae. 

(6)  One  subject  was  disqualified  from  the  progran  after  a  +Z  exposure 
that  resulted  in  pain  in  the  ischium.  This  subject  recovered  with  no 
sequal ae. 

These  medical  findings  are  generally  descriptive  of  the  type  of  medical 
events  observed.  This  information  exists  for  each  run  in  the  NBDL  data  base 
and  can  be  made  available  to  the  CPHS  to  support  risk  assessments  of  proposed 
experimental  protocols. 


*  The  subject  is  brought  back  after  a  period  of  three  years  and  given  the  same 
medical  examination  that  was  given  at  entrance  and  discharge  from  the  program. 
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Some  additional  +Y  impact  data  from  non-NBDL  experiments  are  available 
(27).  In  most  of  these  experiments,  the  head  and  neck  were  restrained  and  the 
subjects  were  exposed  to  high  G-levels  (20-30  Gs)  without  injury.  In  one 
series  of  experiments,  human  subjects  were  exposed  to  +Y  impact  levels  of  12  G 
with  upper  torso  restraint  and  to  9  Gs  without  upper  torso  restraint.  Head 
and  neck  restraints  were  not  used  for  either  of  these  exposures.  Although  no 
permanent  physiological  effects  were  noted  in  these  experiments,  physical 
complaints  (such  as  neck  stiffness)  occurred  after  most  runs  above  6  Gs. 
Therefore,  with  the  torso  restrained,  head  angular  deflection  should  be 
considered  potentially  hazardous  from  a  medical  standpoint. 

For  the  unrestrained  head  and  neck,  the  data  collected  at  NBDL  best 
describe  the  allowable  tolerance  levels  for  the  +Y  direction.  For  the 
noncervical  spine  in  a  well -restrained  human  subject,  these  tolerance  levelc 
are  much  lower  than  the  levels  at  which  injury  may  occur. 

B.  Tolerance  levels  -  Head. 


Many  injury  criteria  have  been  developed  which  relate  the  acceleration 
profile  of  the  head  to  survivable  head  injury.  With  regard  to  the  effects  of 
linear  acceleration,  most  of  these  criteria  were  originally  derived  from  the 
Wayne  State  Tolerance  Curve  (WSTC),  published  in  1962  (35),  and  reproduced  in 
Figure  8.  The  WSTC  uses  linear  skull  fracture  as  the  criterion  for  injury  and 
as  such  is  of  limited  value  in  assessing  the  effect  of  indirect  impact  to  the 
head  as  encountered  in  the  experiments  at  NBDL.  The  direct  impact  injury 
assessment  is  based  on  average  acceleration  and  pulse  duration.  The  maximum 
risk  defined  by  the  area  below  the  WSTC  is  cerebral  concussion  without 
permanent  aftereffects,  while  the  area  above  the  WSTC  is  considered  to  be 
potentially  hazardous  and  1 ife-threatening.  An  excellent  discussion 
describing  the  supporting  model  and  definitions  of  many  of  these  head 
injury-related  criteria  is  available  (8).  Two  commonly  used  criteria,  the 
Gadd  Severity  Index  (GSI)  and  the  Head  Injury  Criterion  (HIC)  (detailed  in 
(9))  are  presented  in  these  guidelines  to  evaluate  the  medical  effects  of 
linear  acceleration.  A  discussion  of  the  origin  and  important  limitations  of 
these  particular  indices  also  is  available  (10,  11).  These  criteria  for  head 
injury  are  presented  below  in  terms  of  index  (GSI  or  HIC),  index  tolerance 
level,  and  references. 

(1)  Linear  accel erations . 


(a)  Direct  impact 

Index 

GSI 

HIC 

(b)  Indirect  impact 

Index 

~ZTT 


Tol erance 

level  Reference 

<  looo'  — m — 

<  1000  (9) 


Tol erance 
level 


rrw 


Reference 

TT71 - 


(c)  Reference  (9)  notes  that  an  HIC  greater  than  1000  only  implies  a 
concussion  hazard  for  pulse  widths  (durations)  of  less  than  15  msec. 
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Angular  acceleration  and  velocity  have  been  incorporated  in  a  model  of 
head  injury  based  on  shear  stress  (13,14).  The  tolerance  criteria  developed 
from  this  model  were  supported  by  rhesus  and  squirrel  monkey  experiments  and 
scaled  to  humans  using  brain  mass  ratios  and  the  shear  failure  model.  Limiting 
values  were  determined  for  angular  acceleration  and  velocity  which  predicted  a 
50%  probability  of  concussion  (without  direct  impact  to  the  head)  in  humans 
having  a  brain  mass  of  1.3  kg.  Though  the  scaling  of  the  model  to  humans  has 
not  been  validated,  these  values  suggest  possible  tolerance  levels. 

(2)  Angular  acceleration  and  velocity. 

Tol erance 

Index  level  Reference 

Angular  acceleration  <  1800  rad/sec^  (15,16) 

Angular  velocity  <  50  rad/sec  (15,16) 

In  the  sled  runs  at  NBD'.  ,  the  maximum  HIC  number  observed  is  lrss  than  200 
(see  Table  2),  and  it  is  doubtful  that  these  experiments  woulu  result  in  an 
HIC  number  representing  a  potential  hazard  without  first  having  serious  neck 
muscle  problems  or  a  severe  chin  strike  on  the  chest.  The  usefulness  of  these 
criteria  at  NBDL  is  for  impact  in  which  the  head  returns  to  the  headrest 
(e.g.,  +Z  exposures  using  the  horizontal  sled).  A  more  pertinent  concern  with 
regard  to  concussion  in  the  NBDL  experiments  involves  exceeding  angular 
acceleration  tolerance  levels.  Angular  velocity  can  be  controlled  by  changing 
the  sled  maximum  or  endstroke  velocity.  Angular  acceleration,  however,  is 
controlled  mainly  by  peak  sled  acceleration  and  can  only  be  significantly 
varied  by  changing  the  initial  head  and  neck  position. 

From  Table  3,  the  NBDL  average  maximum  peak  angular  acceleration  for  the 
-15  Gx  runs  was  1800  rad/sec^,  which  is  the  level  projected  for  50% 
probability  for  concussion.  We  do  not  intend  to  exceed  this  G-level  or 
angular  acceleration  until  we  have  convincing  evidence  from  our  own  rhesus 
experiments  that  it  is  safe  to  exceed  these  levels.  The  scaling  solution  from 
rhesus  to  humans  is  particularly  straightforward  in  this  situation  since  the 
tolerance  level  was  derived  using  rhesus  data  (13,14).  Colonel  Stapp's  run  on 
the  rocket  sled  in  excess  of  40  Gs  would  indicate  that  the  limit  of  -15  Gx  is 
extremely  conservative. 

The  tolerance  levels  derived  for  the  head  were  determined  from 
anterior-posterior  direct  impact  and  X  indirect  impact  experiments.  For  the 
Y  direction,  the  shear  model  and  tolerance  levels  may  be  different.  NBDL 
data  on  the  unrestrained  head  and  neck  indicate  that  neck-related  problems 
precede  head  injury,  and  therefore  neck-related  problems  would  be  the  limiting 
factor  in  aefining  maximum  impact  exposures. 

C.  Tolerance  levels  -  Cervical  Spine  and  Neck. 

The  human  head  has  a  mass  of  approximately  4.5  kg  with  an  internal  brain 
mass  of  approximately  1.3  kg.  The  occipital  condyles  at  the  base  of  the  skull 
located  on  each  side  of  the  foramen  magnum  rest  on  the  superior  facets  of  the 


9 


GUIDELINES  FOR  SAFE  HUMAN  EXPERIMENTAL  EXPOSURE  TO  IMPACT  ACCELERATION 


atlas,  with  the  head  load  transmitted  through  the  cervical  spine,  thoracic 
spine,  and  lumbar  spine  to  the  pelvis. 

The  tolerance  limits  for  the  neck  are  provided  in  reference  (9),  and  are 
expressed  in  terms  of  the  equivalent  torque  at  the  occipital  condyles  and  the 
shear  and  axial  forces  at  the  condyles.  The  equivalent  torque  at  the  condyles 
is  the  torque  that  the  neck  produces  on  the  head  that  is  consistent  with  the 
mass  distribution  properties  of  the  head  (mass,  moment  of  inertia  tensor, 
center  of  gravity  location),  the  location  of  the  head/neck  joint  (condyles), 
and  the  observed  kinematic  motion  of  the  head.  Unfortunately ,  the  equivalent 
torque  is  sensitive  to  the  location  of  the  head  center  of  gravity  relative  to 
the  condyles,  and  this  location  should  be  defined  as  well  as  the  corresponding 
torque  thresholds.  The  force  components  are  robust  and  not  sensitive  to 
geometric  configuration  factors.  The  recommended  tolerance  levels  come  from 
static  tests  on  living  human  volunteers,  and  dynamic  tests  on  human  volunteers 
and  human  cadavers. 

These  tolerance  levels  were  originally  discussed  in  reference  (1.7),  and 
the  recommendations  in  reference  (9)  are  consistent  with  this  original 
reference  and  are  summarized  below. 

(1)  Neck  flexion. 


(a)  Maximum  equivalent  moment  and  neck  shear  force  from  living  human 
dynamic  experiments. 

Tolerance 

Parameter  Level  Reference 

Equivalent  moment  <  88.2  Newton-Meters  (N-M)  HD 

Shear  force  at  condyles  <  787  Newtons  (N)  (9) 


(b)  Maximum  equivalent  moment  and  shear  force  determined  from  dynamic 
cadaver  experiments  without  producing  ligamentous  or  bone  damage.  The 
levels  are  based  on  cadaver  responses  with  the  chin  in  contact  with  the 
chest. 

Tolerance 

Parameter  Level  Reference 

Equivalent  moment  <  1^2  N-M  (D 

Shear  force  at  condyles  <  1944  N  (9) 

(2)  Neck  extension. 


(a)  Tolerance  levels  determined  from  noninjurious  living  human 
dynamic  tests. 

Tolerance 

Parameter  Level  Reference 


Equivalent 

"moment 

at  condyles 

<  30.5 N-M 

— nrr 

Neck  shear 

force 

at  condyles 

<  231  N 

(9) 

Neck  axial 

force 

<  249  N 

(9) 

(b)  Tolerance  levels  determined  from  dynamic  tests  on  human  cadavers. 

Tol erance 

Parameter  Level  Reference 

Equivalent  moment  at  condyles  <  47  N-M  (D 
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It  is  important  to  note  that  reference 

(9)  does  not  give  accelerations,  but 

reference  (22)  i r di  'a*es  that  a  6  G  peak  acceleration 

of  .12  sec.  duration  may 

be  the  limit  of  volur.  ary  human  tolerance  for  unrestrained  neck  extension. 

(3)  Lateral  flexion. 

(a)  Tolerance  determined  from  dynamic  tests  on 

living  human  volunteers. 

T  olerance 

Parameter 

Level 

Reference 

Equivalent  moment  at  condyles 

<  45.2  N-M 

(9) 

Shear  force  at  condyles 

<  792  N 

(9) 

(4)  Neck  axial  and  transverse  tolerance  levels. 

(a)  Shear  force  and  axial  forces 

determined  from  static  tests  on  living 

human  volunteers. 

Tolerance 

Parameter 

Level 

Reference 

Shear  forces: 

Anterior-posterior 

<  845  N 

(9) 

Posterior-anterior 

<  845  N 

(9) 

Left  to  right/right  to  left 

<  400  N 

(9) 

Axial  forces: 

Tension 

<  1 134  N 

(9) 

Compression 

<  1112  N 

(9) 

(b)  Axial  failure  loads  determined  from  dynamic 

tests  on  intact  human 

cadaver  cervi cal  spines. 

Tolerance 

Parameter 

Level 

Reference 

Tension 

<  2450  N 

(18) 

(c)  Compression  failures  on  isolated  human  cadaver  cervical  spines 

using  dynamic  tests. 

Tolerance 

Parameter 

Level 

Reference 

Compression 

<  1779  N 

(18) 

The  tolerance  levels  for  living  human  voluntees  are  defined  and  developed  only 
for  minimum  risk  injury.  The  tolerance  levels  developed  from  human  cadaver 
experiments  do  not  exclude  the  possibility  of  muscle  damage  at  a  lower 
acceleration  level . 

D.  Tolerance  levels  -  Whole  Body. 

For  the  purpose  of  these  guidelines,  the  torso  is  considered  to  be  all  the 
elements  of  the  human  anatomy  excluding  the  limbs  and  the  head  and  neck,  and 
represents  approximately  60«  of  body  weight.  The  torso  is  important  to  impact 
experimentation  because  it  contains  and  protects  many  of  the  vital  organs  of 
the  body.  For  a  seated  and  restrained  subject,  exterior  surfaces  of  the  torso 
are  often  the  places  where  external  forces  are  first  coupled  to  the  body.  The 
major  load-bearing  element  of  the  torso  is  the  bony  skeleton  (pelvis,  spinal 
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column  (  sacrum-Tl ) ) ,  the  bony  rib  cage,  and  the  shoulder  girdle  (scapula  and 
clavicle).  The  elements  of  the  bony,  skeletal  structure  are  rigid  bodies  that 
articulate  with  each  other,  allowing  considerable  changes  in  the  body 
configuration.  The  transmi ssion  of  forces  between  the  elements  of  the  bury 
structure  of  the  torso  is  accomplished  through  a  profuse  systan  of  soft 
connective  tissue  and  fascia  (ligaments,  discs,  and  muscles).  External 
loadings  of  torso  elements  are  transmitted  through  the  skin  and  external 
fascia  of  the  torso,  and  the  interface  or  joint  articulations  and  connective 
tissue  between  the  neck  and  torso  and  the  between  the  limbs  and  torso.  The 
bony  structure  of  the  torso  protects  critical  elements  of  the  viscera.  These 
elements  interact  dynamically  with  the  soft  tissue  and  bony  structure  of  the 
torso,  thereby  changing  the  loading  on  elements  of  the  torso  and  changing  the 
mass  distribution  of  the  torso. 

In  general,  the  greater  the  area  of  the  torso  over  which  the  load  is 
distributed,  the  greater  the  tolerance  level.  In  this  section,  whole-body 
(torso)  tolerance  levels  are  presented  for  -X,  +X,  Y,  +Z  direction 
accelerations.  It  should  be  noted  that  the  head  and  neck  are  assumed 
constrained  at  these  tolerance  levels. 

In  the  experiments  at  NBDL ,  loads  are  transmitted  to  a  seated  subject  from 
the  acceleration  device  seat  through  the  seat  back  and  the  seat  pan,  and  the 
shoulder  and  lap  belts  to  the  surfaces  and  anatomical  structures  of  the  torso. 
For  exposures  in  the  -X  direction,  loads  are  mainly  transmitted  through  the 
shoulder  and  lap  belts  to  the  anterior  thorax  and  pelvis,  respectively.  For 
the  +X  direction,  loads  are  transmitted  through  the  seat  back  to  the  thoracic 
spine  and  shoulder  complex,  posterior  pelvis,  and  lumbar  spine.  For  the  +Z 
direction,  loads  are  transmitted  from  the  seat  pan  through  the  fatty  tissue  of 
the  buttocks  to  the  ischial  tuberosities  of  the  pelvis  and  through  the  sacrum 
and  spinal  vertebral  bodies,  and  to  a  lesser  extent  through  the  shoulder  belts 
to  the  shoulder  girdle  and  anterior  surface  of  the  thorax.  In  the  -Z 
direction,  loads  are  transmitted  through  belts  on  the  femur  and  lap  to  the 
pelvis,  and  then  by  way  of  the  sacrum  to  the  rest  of  the  spine.  If  shoulder 
belt  restraint  is  used  during  -Z  exposures,  forces  may  be  transmitted  to  the 
subject  through  the  shoulder  girdle  complex  and  thorax.  In  the  +Y  direction, 
forces  are  mainly  transmitted  to  the  thorax  through  the  shoulder  girdle  (which 
is  in  contact  with  a  sideboard  restraint).  The  shoulder  belts  and  lap  belt 
may  also  transmit  loads  to  the  subject  during  +Y  exposures. 

The  Fphpni  Motor  Vehicle  Safety  Standard  (FMVSS  208;  reference  (9)) 
specifies  as  acceptable  any  anterior-posterior  (A-P)  acceleration  pulse  which 
does  not  exceed  60  Gs  for  a  cumulative  time  period  of  more  than  3  msec. 
Previously,  FMVSS  208  had  specified  a  GSI  of  less  than  1000  as  acceptable. 
Acceleration  is  measured  at  the  center  of  gravity  of  the  dummy  thorax 
(presumably,  part  572).  Reference  (19)  reports  measurements  made  on  a 
professional  high  diver  who  performed  sixteen  dives  from  heights  between  27-57 
feet.  For  each  dive,  he  executed  a  3/4  turn  and  landed  on  his  back  supine  on 
a  three- foot  thick  mattress.  Sagittal  accelerations  were  recorded  from  a 
point  on  the  sternum  and  on  the  forehead.  From  these  data  and  a  review  of  the 
literature  it  was  determined  that  a  healthy,  adult  male  can  voluntarily 
withstand  posterior-anterior  (P-A)  chest  decelerations  of  50  Gs  for  pulse 
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durations  of  less  than  100  msec.  A  chest  acceleration  tolerance  level  of 
60  Gs  measured  at  the  center  of  the  chest  is  recommended  for  both  P-A  and  A-P 
accelerations  of  100  msec  or  less. 

As  a  result  of  cadaver  studies  (20),  serious  questions  have  been  raised  as 
to  the  suitability  of  using  sternal  or  spinal  GSI  acceleration  measurements  as 
indicators  of  possible  thorax  injury.  Data  from  18  unembalmed  cadavers 
exposed  to  blunt  thoracic  impact  indicated  that  G-l evel s/severi ty  indicies  at 
the  sternum  did  not  correlate  with  the  Abbreviated  Injury  Scale  (AIS)  for 
injury.  According  to  this  analysis,  a  mild  exposure  (AIS  <3)  would  have 
produced  G-l evel s/severi ty  indicies  at  the  sternum  much  in  excess  of  the 
recommended  60  G/1000  GSI  tolerance  levels,  whereas  the  same  values  measured 
at  the  spine  would  have  indicated  an  extremely  severe  exposure.  Normalized 
chest  deflections  (i.e.,  the  ratio  of  penetration  to  chest  depth)  correlate 
well  with  AIS  ratings  for  blunt,  midsternal,  A-P  thoracic  impacts.  Although 
the  spinal  severity  index  shows  a  moderate  correlation  with  AIS  rating 
(injury  severity),  this  index  is  believed  to  be  too  strongly  dependent  on 
restraint  to  be  useful. 

Injuries  to  laboratory  surrogates  (unembalmed  fresh  cadavers)  run  on  a 
sled  with  acceleration  profiles  calculated  to  simulate  car  impacts  during 
actual  front-end  collisions  (both  direct  and  off-axis)  were  compared  with 
actual  injury  statistics  (21).  One  of  the  conclusions  from  these  data  was 
that  the  cadaver  was  a  poor  human  surrogate  for  testing  3-point  restraint 
belts  in  front  end  collisions  because  the  cadavers,  unlike  living  humans, 
showed  evidence  of  severe  thoracic  and  cervical  injuries  including  multiple 
rib  fractures,  and  fractures  of  the  sternum,  clavical  and  cervical  vertebrae. 
The  data  for  living  humans  was  obtained  from  accident  records. 

The  seated  subjects  in  the  NBDL  experiments  are  restrained  by  an  inverted 
V-type  lap  belt  consisting  of  a  crotch  strap  and  two  shoulder  belts.  Reference 
(9)  notes  that  a  shoulder  belt  tension  load  of  1300  lbs.  is  a  more  appropriate 
tolerance  level  than  the  blunt  object  impact  severity  discussed  above.  This 
1300  lbs.  limit  compares  to  an  allowable  combined  shoulder  belt  load  of  1800 
lbs.  as  determined  from  noninjurious  human  experiments.  The  disadvantage  of 
using  shoulder  belt  load  as  a  tolerance  measure  is  its  sensitivity  to 
geometry . 

Making  geometric  assumptions  based  on  a  standard  50th  percentile  man,*  an 
1800-lb.  combined  load  on  the  belts  would  result  from  a  configuration  in  which 
the  shoulder  belt  height  was  65  cm  above  the  seat  pan  and  the  sled  accelera¬ 
tion  was  29  Gs.  Since  non-NBDL  human  experiments  have  been  run  at  G-l evel s  in 
excess  of  29  Gs  in  the  same  directions  and  with  similar  restraints  as  used  at 
NBDL,  it  is  predicted  that  this  load  on  the  torso  in  the  -X  direction  is  an 
acceptable  tolerance  level.  For  the  +X  direction  where  the  load  is  trans¬ 
ferred  to  the  subject  over  a  wide  area  of  the  seat  back,  a  somewhat  higher 
tolerance  level  would  be  acceptable.  The  acceptability  of  a  tolerance  level 


*Excluding  the  mass  of  the  legs  and  pelvis,  the  upper  torso  mass  in  the  stan¬ 
dard  50th  percentile  man  is  40.4  kg  with  a  center  of  gravity  47  cm  above  the 
seat  pan. 
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of  30  Gs  for  both  -X  and  +X  experiments  is  reinforced  by  data  in  reference 
(23),  which  presents  fully  restrained  human  whole-body  impact  tolerance  limits 
of  45  Gs  in  the  -X  direction  based  on  a  250  G/sec  onset  rate  and  less  than  .1 
second  duration,  and  tolerance  limits  of  83  Gs  in  the  +X  direction  for 
durations  less  than  .04  sec. 

Stapp  and  Taylor  (24)  exposed  human  volunteers  to  sled  accelerations  up  to 
24  +Gy  without  voluntary  tolerance  limits  being  reached.  In  these  experi¬ 
ments,  head  and  neck  motions  were  restrained  by  side  panels.  Therefore, 
for  the  +Y  direction,  a  torso  tolerance  level  of  24  Gs  in  a  well -restrained 
subject  seems  appropriate.  With  the  head  and  neck  unrestrained  (as  in  the 
experiments  at  NBDL),  neck  motion  would  limit  impact  exposures  to  much  less 
than  the  torso  tolerance  levels  discussed  previously  (see  Table  1).  The 
impact  tolerance  levels  recommended  under  reference  (23)  for  the  +Z  and  -Z 
directions  are  20  Gs  and  15  Gs  respectively  for  acceleration  pulse  durations 
of  less  than  .1  second. 


Recommended  human  tolerance  levels  for  whole-body  impact  accelerations  in 
the  -X,  +X ,  +Z  and  -Z  directions  can  be  also  presented  as  a  function  of 
acceleration  pulse  duration  (25).  Plots  of  these  tolerance  levels  are 
presented  in  Figures  6  and  7.  These  figures  indicate  the  limits  of 
noninjurious  voluntary  human  impact  exposures.  For  the  +X  runs,  the  head  was 
prevented  from  rotating  backwards,  thereby  avoiding  the  whiplash-type  of  neck 
injury.  These  curves  provide  a  tolerance  level  for  the  torso  under  restraint 
conditions  similar  to  the  experiments  conducted  at  NBDL  and,  with  the 
exception  of  +X  exposures,  these  exposures  are  tolerated  by  the  head  and  neck 
as  well. 

The  torso  tolerance  levels  discussed  in  this  section  are  summarized  in  the 
table  below.  The  peak  sled  accelerations,  maximum  allowable  duration  of  the 
acceleration  pulses,  and  the  reference  from  which  the  tolerance  level  was 
obtained  are  indicated  in  this  table.  For  the  +Y  and  +X  directions,  the  head 
and  neck  were  constrained  and  the  tolerance  levels  presented  are  for  the  torso 
only.  Experiments  at  NBDL,  with  the  possible  exception  of  those  in  the  + 1 
direction,  would  be  limited  by  the  risk  of  injury  to  the  head  and  neck  rather 
than  by  torso  limitations. 

(1)  Wholebody  tolerance  levels. 
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TABLE  1.  MOST  SEVERE  NBDL  SLED  PROFILE  PARAMETERS 
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RESTRAINT: 

1.  SEATED  UPRIGHT,  SHOULDER  AND  LAP  BELTS,  INVERTED  V  PELVIC  STRAP  ATTACHED  TO  LAP  BELT.- 

2.  LIKE  (1)  WITH  PADDED  SIDEBOARD  AGAINST  RIGHT  SHOULDER. 

3.  SUBJECT  ON  BACK  WITH  HEAD  ON  HEADREST,  RESTRAINT  LIKE  (1). 


REMARKS,  EYEBALL  MOTION: 

FBO  =  EYEBALLS  OUT  HOLD  =  HIGH  ONSET-LONG  DURATION 


EBR  =  EYEBALLS  RIGHT 

EBOR  =  EYEBALLS  OUT  AND  RIGHT 

EBF  =  EYEBALLS  FOOTWARD 


HOSD  =  HIGH  ONSET-SHORT  DURATION 
LOLD  =  LOW  ONSET-LONG  DURATION 
NUCU  =  NECK  UP,  CHIN  UP 
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TABLE  3 

PEAK  RESULTANT  VALUES  OF  HEAD  KINEMATIC  VARIABLES 
DETERMINED  FROM  AVERAGE  PROFILES 


(AGARD  CONFERENCE  PROCEEDINGS-CP-253) 
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IMPACT  TOLERANCE  FOR  THE  HUMAN  BRAIN  IN  FOREHEAD 
IMPACTS  AGAINST  PLANE,  UNYIELDING  SURFACES 


The  Wayne  State  University  Concussion  Tolerance  Cure  (WSUCTC)  taken  from  ref.  (9) 
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